Crosses between 129SvEv Tbx5 lox/ϩ mice and 129SvJ factor Nkx2-5 may help explain the prevalent conduction EIIa-Cre mice yielded few (10%) live Tbx5 del/ϩ pups, and system abnormalities in Holt-Oram syndrome. More only 3 of these survived past weaning. However, crosses broadly, these data account for the exquisite sensitivity between Tbx5 lox/ϩ Black Swiss and 129SvJ EIIa-Cre reof the developing heart to the concentration of some sulted in viable and fertile Tbx5 del/ϩ mice, albeit in smaller transcription factors and indicate why mutations in unrenumbers than expected. Of 192 pups, 28% were Tbx5 del/ϩ lated transcription factors genes cause comparable carand 72% were wild-type, instead of the predicted 50% diac malformations. ratios, indicating perinatal death in approximately 40% of mutant mice. Tbx5 del/ϩ mice that survived 3 weeks lived into adulthood. Results
Generation of Tbx5-Deficient Mice
Heart and Limb Abnormalities of Tbx5 del/؉ Mice Given the hand and heart phenotype of Holt-Oram syn-A strategy for producing a Cre-mediated deletion of one Tbx5 allele was used, because attempts to produce mice drome, these organs were examined for defects in Tbx5 del/ϩ mice. Skeletal preparations of Tbx5 del/ϩ mice with a constitutive Tbx5 deletion were unsuccessful (our unpublished results). A mutant Tbx5 allele was introrevealed subtle defects of the paw and wrist. Elongated phalangeal segments of first forelimb digit (equivalent duced into embryonic stem cells in which exon 3 was flanked by loxP sequences (Figure 1 ). Mice bearing this to the human thumb) and hypoplastic falciformis bones in the wrist were present in multiple heterozygous mumutant Tbx5 allele (designated Tbx5 lox ) in either the inbred 129SvEv or the outbred Black Swiss strains were tant mice but not in any wild-type littermates ( Figures  2A and 2B ). normal (data not shown). Tbx5 lox/ϩ mice were mated to transgenic 129SvJ EIIa-Cre mice, which constitutively
The hearts of 8-week-old Tbx5 del/ϩ mice were enlarged. Both atria were markedly dilated and the ventricles had a express Cre recombinase (Lakso et al., 1996) . In the presence of Cre, a new Tbx5 allele, designated Tbx5 del , bulbous appearance ( Figure 2C ). To determine if structural defects accounted for this cardiomegaly, excised hearts was created that lacks exon 3, which encodes amino-from Tbx5 del/ϩ and wild-type mice were studied using three-dimensional magnetic resonance imaging, which permits sequential examination of multiple planes. Large atrial septal defects (ASDs) were observed in all (n ϭ 7) adult Tbx5 del/ϩ mice; these were never seen in wild-type littermates (0/6). ASDs appeared to arise from an absence or reduction of the anterior portion of the septum (Figures 2E-2H) .
To determine if additional structural lesions might contribute to the incidence of perinatal death in Tbx5 del/ϩ mice, embryos were harvested at E16.5 (16.5 days postconception) from Tbx5 ϩ/ϩ ϫ Tbx5 del/ϩ crosses and analyzed ( Figures 2I-2N ). Some E16.5 Tbx5 del/ϩ fetuses were edematous with blood pooling in the extremities; the thoracic cavities of these mice contained pleural and pericardial effusions and enlarged hearts, suggesting intrauterine heart failure. A variety of complex cardiac malformations were found in these fetuses, including ASDs, both a membranous and a muscular VSD in one animal ( Figures 2J, 2M , and 2N), and a large ASD and deformed LV in another fetus ( Figure 2K ). Other Tbx5 del/ϩ fetuses that were not edematous had large ASDs similar to those found in adult Tbx5 del/ϩ hearts (not shown). Two neonatal (1-day-old) 129SvEv Tbx5 del/ϩ mice also had multiple defects similar to those shown in Figure 2 .
Conduction System Disease in Adult Tbx5
del/؉ Mice To determine whether cardiac conduction abnormalities observed in Holt-Oram syndrome were present in mutant mice, the electrophysiology of 8-week-old Tbx5 del/ϩ mice was profiled using electrocardiogram (ECG) telemetry ( Figure 3 and Table 1 ). The P-wave (indicative of atrial depolarization) was broader in Tbx5 del/ϩ mice than in wild-type mice (Figures 3A and 3B and Table 1 ), a finding that is consistent with the presence of atrial enlargement in mutant mice. QRS complexes and T waves (indicative of ventricular activation and repolarization, respectively) were not significantly different. All Tbx5 del/ϩ mice studied (n ϭ 6) had prolonged P-Q intervals, indicating a delay in the time required for atrial impulses to reach the ventricles (first degree atrioventricular (AV) block; Figure 3B and Table 1 ). Instances of second degree AV block (failed propagation of an atrial were only 10% of wild-type levels ( Figure 4B 
Impaired Cardiac Differentiation in Tbx5
del/del Embryos In situ hybridization analyses were performed on Tbx5 del/del embryos using markers that demarcate particular cardiac cell lineages. Normal cardiac expression of transcription factors dHand and Tbx20 was observed in Tbx5 del/del embryos (data not shown). Contractile protein genes cMybp-C, Mlc2a, and ␣MHC were also expressed at normal levels ( Figure 5 and data not shown). eHand transcripts that identify the primitive LV and atria, and del/del heart tissue at E8.5. In E8 and E8.5 Tbx5 del/del embryos, gata4 expression is reduced (J and K), primarily in the myocardial portion of the sinoatrial precursors, and remains intact in the endocardial tube (arrow in K).
in the cardiac crescent at E8, and throughout the linear embryos suggested that both genes might be direct targets of Tbx5. ANF and cx40 5Ј putative regulatory heart tube at E8.5, despite normal levels in endocardial layers of presumptive inflow tracts (Figures 5J and 5K) fibroblasts and other noncardiac cells (our unpublished were performed to determine if TBEs in the ANF and cx40 promoters competed with the consensus brachyury data). When reporter constructs were cotransfected with RSV-promoted Tbx5 cDNA into noncardiac cells palindrome sequence for endogenous T-box protein(s) contained in nuclear extracts from atrial cardiomyoand cardiac fibroblasts, ANF and cx40 promoter activity increased more than 20-fold ( Figure 6A) , demonstrating cytes. The half sites contained in the ANF TBE1, 2, and 3 gave similar patterns of binding to that of the brachyury that both promoters are direct Tbx5 targets.
The two promoters were examined for potential T-box oligonucleotide probe, and all three effectively competed with this consensus sequence for Tbx5 protein binding elements (TBEs) based on homology to consensus brachyury DNA binding sites (Kispert and Hermann, binding ( Figure 6C) . Two of the cx40 TBEs, Cx1 and Cx2, were also tested for their ability to bind endogenous 1993). The ANF promoter harbors two sequences that are homologous to half of the brachyury palindrome cardiac T-box proteins and recombinant Tbx5. Both Cx1 and Cx2 effectively competed binding of cardiomyocyte consensus TBE, at sites Ϫ458 bp (GGTGTGA; TBE3) and at Ϫ252 bp (TCACACC, TBE2); both are conserved extracts to the TBE2 and brachyury probes and displayed a similar binding pattern ( Figure 6C ). All ANF in the human and rodent genes ( Figure 6B ). Another conserved sequence, GTGACA (TBE1), is similar to the and cx40 TBEs interacted with recombinant Tbx5, as evidenced in competition and direct binding EMSAs usconsensus binding sequence (GTGNNA) for CiVegTR, a homolog of the D. melanogaster T-box gene H15 (Erives ing protein extracts from 293T cells expressing Tbx5 ( Figure 6D ). and Levine, 2000). Similarly, the cx40 promoter region harbors five putative evolutionarily conserved TBEs (Fig- We next demonstrated that TBEs mediated Tbx5 activation of ANF transcription. ANF reporter constructs ure 6B). Electrophoretic mobility shift assays (EMSAs) ses were done in cardiac fibroblasts, which do not express Tbx5. Cotransfection of Tbx5 with various ANF reporter constructs showed that maximal (40-fold) transactivation of the ANF promoter requires all three TBEs; mutation of each site reduced reporter activity. A single copy of TBE1, 2, or 3 was also sufficient to confer Tbx5 activation to the minimal ANF promoter (ANF-50). Full activation of the minimal ANF-50 construct could be driven by sequences comprising Ϫ700 to Ϫ210 of the ANF promoter, which includes TBE2 and 3, but not TBE1 ( Figure 7B ). Together, these data indicate that the TBEs are necessary and sufficient for Tbx5 activation of ANF ( Figure 7B ). TBE1 and 2 are flanked by previously identified Nkx2-5 binding sites (Durocher et al., 1997) . NKEs are also present in the cx40 promoter region, near TBEs (not shown). To test whether Tbx5 cooperates with Nkx2-5 in activating cardiac transcription, the ANF or cx40 promoters were cotransfected with Tbx5 and Nkx2-5 expression vectors into CV1 cells. Tbx5 and Nkx2-5 resulted in synergistic activation of the ANF promoter, even when only one composite TBE/NKE site was present ( Figure 7C ). Synergistic activation of the cx40 gene by Tbx5 and Nkx2-5 was also observed ( Figure 7C ).
Tbx5 and Nkx2-5 Physically Interact In Vitro and In Vivo
Overlap between Tbx5 and Nkx2-5 binding elements in the ANF promoter and the functional synergy between these proteins prompted studies to determine whether Nkx2-5 and Tbx5 physically interact to activate cardiac transcription. Pull-down assays showed direct physical interactions between the two proteins, and indicated that the Nkx2-5 homeodomain was sufficient to mediate Tbx5 interactions ( Figure 8A ). To test the effects of both proteins on DNA binding, an oligonucleotide corresponding to ANF promoter sequences Ϫ252 to Ϫ226 that harbors both Tbx5 and Nkx2-5 binding elements was analyzed in EMSA experiments ( Figure 8B ). Addition of recombinant Tbx5 and Nkx2-5 proteins produced a slower migrating ternary complex. Formation of this complex required both NKE and TBE sites; mutation in concentrations ( Figure 8C, right) . The ternary complex could also be detected in cardiomyocyte nuclear extracts ( Figure 8D ). Nkx2-5 domains that are responsible containing point mutations in different TBEs were transfected into primary cultured atrial cardiomyocytes. Loss for Tbx5 binding, ternary complex formation, and synergistic activation of the ANF promoter were mapped of one TBE site diminished ANF promoter activity by 3-to 4-fold, while loss of two TBEs reduced activity (summarized in Figure 8F ). Although the Nkx2-5 homeodomain was sufficient to allow interactions with Tbx5, about 10-fold ( Figure 7A ). To test whether exogenous Tbx5 activates ANF transcription via these TBEs, analyflanking sequences containing the NK domain were re- sponse to a 50% reduction in Tbx5 protein levels. The dramatic responses of the cx40 and ANF genes to a 50% Discussion reduction in a transcription factor is unprecedented, and implies that the spatiotemporal regulation of Tbx5 exWe have produced heterozygous mice that are deficient pression in the developing heart is critical, tightly reguin Tbx5 to model Holt-Oram syndrome and to provide lated, and without compensatory mechanisms such as a tool for investigating the mechanisms by which Tbx5 feedback or genetic redundancy. haploinsufficiency causes congenital heart and limb abWe investigated the mechanisms by which Tbx5 regunormalities. Absence of Tbx5 causes embryonic lethality lates ANF and cx40 expression. The ANF promoter conand gross aberrations of cardiac development. Although tained three nonpalindromic "half" binding sites, and the expression of many genes was reduced in mice the cx40 promoter contained five sequences that are lacking Tbx5, ANF and cx40 gene transcription was alsimilar to other "half" T-box binding elements. These tered even in mice expressing 50% of normal Tbx5 levsequences are conserved during the evolution of huels. We demonstrate that expression of ANF and cx40 is mans and rodents, they bind Tbx5 in vitro, and they are regulated by Tbx5 and by another cardiac transcription functionally active. The striking reduction of promoter factor, Nkx2-5; physical interaction between these facactivities in response to deletion of even one TBE may tors causes synergistic activation of both gene promotexplain the significant response of ANF and cx40 exers. These cooperative interactions suggest a mechapression to even a 50% decrease in Tbx5. That is, the nism whereby Tbx5 haploinsufficiency causes cardiac binding of Tbx5 to all three TBEs must be a nonlinear defects. We also propose that reduced cx40 expression function of nuclear Tbx5 concentrations. , emand Thomsen, 1999) . In species that have evolved a bryos implies that other genes are less sensitive to Tbx5 second (right) ventricular chamber and pulmonary circulevels, possibly because they lack multiple Tbx5 activalation, Tbx5 functions within posterior heart segments tion domains or do not require Nkx2-5 coactivation. ment. Mice heterozygous for a deletion of Tbx5 provide Clinical observations of individuals with TBX5 mutaa powerful animal model for defining the molecular tions have recognized a high incidence of conduction mechanisms that lead to human congenital heart abnorsystem disease. Although electrophysiologic defects ofmalities and for delineating factors that modify these ten coexist with structural malformations in Holt-Oram events. Further analyses of Tbx5-deficient mice should syndrome, some patients have only conduction system help define the many roles of T-box proteins in develdisease (Basson et al., 1994, 1997). Septation defects do opment. not a priori cause conduction system disease (Marriott, 1983) , and the basis for these electrophysiologic abnor- 
